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Abstract 
Using density functional theory-based calculated formation and reaction enthalpies, we have examined the relative 
stability of a large number of likely oxide phases of typical oxide dispersion strengthened steels based on the Fe-Cr-
Al-Ti-Y-O system.   Calculated formation and reaction enthalpies are in good agreement with available measured 
values.  The relatively more negative formation enthalpies of Y2O3, Y2TiO5, Y4Al2O9, Y2Ti2O7 and YAlO3 oxides 
show them to be more stable corroborating with their observation in the microstructure of ODS steels.  Analysis of 
reaction enthalpies, guided by convex-hull consideration, gives a mechanism by which reactions of Y2O3 with Al2O3 
for the formation of YAlO3, Y4Al2O9, and Y3Al5O12, and reactions of Y2O3 with TiO2 for the formation of Y2TiO5 
and Y2Ti2O7, are favored over other likely reactions, such as, those based on Y-Fe-O, Y-Cr-O and Fe-Cr-O systems. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research. 
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1. Introduction  
 Ferritic-martensitic steels with high concentration of chromium are being studied for fuel cladding 
applications in fast breeder nuclear reactors.  These steels are found to resist radiation damage up to a neutron dose 
of 200 dpa.  On the other hand, these steels are known to have limited thermal creep-rupture strengths above 550oC 
and are, therefore, considered unsuitable to support higher burn up of nuclear fuel, which requires cladding to 
remain intact up to 700oC[1,2,3].  The decrease of high-temperature strength is associated partly with the recovery 
of the dislocation substructure introduced by prior processing.  Consequently, the development of oxide dispersion 
strengthened (ODS) steels, possessing higher strengths at elevated temperatures, has been pursued [4-30].  The ODS 
steels are manufactured by mechanical alloying (MA) of elemental metallic (Fe, Cr, Al, Ti) powder with Y2O3 
powder in a ball mill followed by consolidation through hot extrusion or isostatic pressing.  The mechanical alloying 
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and subsequent consolidation produce a high density of dispersion of nanoprecipitates in the ferrite matrix, typically 
of (Y, Ti, Al)-rich oxides.  These complex oxide particles are known to prevent recrystallization up to 1100oC.  
These oxide particles do not dissolve during heating, improve high-temperature tensile and creep strengths by 
pinning mobile dislocations and resist swelling by acting as trapping sites for point defects produced by neutron 
irradiation. 
 
    To understand the extraordinary mechanical properties of ODS steels, a thorough knowledge of structure 
and chemistry of the oxide nanoprecipitates is essential.  The formation mechanism of oxide precipitates of ODS 
steels has been studied recently using X-ray diffraction, high resolution transmission electron microscopy 
(HRTEM), small angle neutron and X-ray scattering and atom probe tomography (APT)[11,12,16,18,21].  These 
studies show that ball milling mechanically dissolves Y2O3 in the ferrite matrix and produce highly supersaturated 
matrix with Y and O solutes, which are otherwise insoluble.  The decomposed Y2O3 is considered to re-precipitate 
[5] during hot consolidation in the form of nanoscale clusters and complex near stoichiometric oxides such as 
Y2Ti2O7, Y2TiO5, and Y4Al2O9.  Hsiung et al.[21] have examined the nanoparticles formation in the mechanically 
alloyed ODS ferritic steels, Fe-16Cr-4Al-2W-0.3Ti-0.3Y2O3 (K3) and Fe-20Cr-4.5Al-0.34Ti-0.5Y2O3 (MA956).  
Using HRTEM, they have observed nanoscale crystalline oxides such as Y4Al2O9 and YAlO3, besides nanoclusters 
enriched in O, Y, Al, Fe, and Cr.  Alinger et al.[16] have examined the formation of nanoclusters in ODS steels with 
compositions based on Fe-14Cr-1Ti-0.3Mo-0.3Y2O3 (MA957) using APT and small angle neutron scattering 
(SANS), and their SANS data for extruded alloys is found to be consistent with the formation of  nanometer-scale 
complex oxides such as Y2TiO5 and Y2Ti2O7.  
 
    Moreover, it is likely that the solutes Y and O combine with the elements Fe and Cr and form oxides based 
on Y-Fe-O, Y-Cr-O, Fe-Cr-O, etc.  Indeed such oxides have been observed in some of the ODS 
steels[5,24,25,27,28].   Using density functional theory (DFT) calculation of binding energies, Fu et al.[31] have 
examined the high oxygen solubility and nucleation and stability of (Y,Ti,O)-enriched nanoclusters in Fe in view of 
understanding the elevated temperature strength and hardness of ODS steels.  Marquis[12] has examined the 
structure of oxygen-rich nanofeatures in ODS Fe-Cr alloys using APT.  Based on the similarity of the structure of 
oxide nanoparticles found in alloys of different composition, she considers that their structure is likely determined 
by fundamental thermodynamic properties, such as interfacial energy between the oxide phases and the surrounding 
matrix.  Jiang et al.[32], using first principles calculations, have studied the energy changes associated with 
mechanical alloying and subsequent precipitation of Y-Ti-O nanoclusters in bcc Fe.  Their DFT clustering energies 
indicate that a wide range of coherent nanoclusters with nonstoichiometric compositions can form based on the 
aggregation of the basic Y-Ti-O building blocks.  Based on Fourier transform analysis of the atomic resolution  
scanning transmission electron microscopy images of ODS steels, Hirata et al.[26] have shown that the oxide 
nanoclusters embedded in the BCC-Fe matrix have a defective NaCl-type Ti(Y,Fe,Cr)O structure.  The chemical 
composition was determined to be Ti43.9Y6.9Fe3.4Cr1.1O44.7. 
 
    Recently, Fang et al.[33] have examined the phase stability of iron carbides in steel via DFT calculations.  
First, they computed the formation enthalpies of 17 probable binary iron carbides and screened them for relative 
stability.  Next, the Gibbs energies of relatively more stable carbides are computed considering all the relevant 
contributions such as lattice vibration, magnetic ordering and interfacial energy between the carbides and ferrite.  
These free energies are then compared with that of Fe to establish the elevated temperature stability of cementite.  
Although this approach can be adapted to determine the phase equilibrium of ODS steels, it is essential to ensure 
that DFT computed energies give reasonable initial screening of the large number of likely oxide phases.  In this 
paper, we report our study of thermodynamic stability of stoichiometric oxides that are likely to be found in ODS 
steels using DFT computed formation enthalpies.  The paper is arranged into four sections, namely, introduction, 
method of computation, results and discussion, and summary and conclusion. 
 
2. Computational Methods 
 
     In this work, our focus is to understand how well the DFT computed formation enthalpies represent the 
phase stability of likely oxides that can be found in typical ODS steels.  We computed the formation enthalpies of all 
the probable binary and ternary oxides of ODS steels based on the Fe-Cr-Ti-Al-Y-O system using the DFT 
simulation package VASP[34,35].  All the calculations were performed with the projector augmented wave data 
sets[36,37] with the PBE (Perdew-Burke-Ernzerhof) generalized gradient approximation[38].   An energy cutoff of 
790   Ravi Chinnappan /  Procedia Engineering  86 ( 2014 )  788 – 798 
500 eV was used for the plane-wave basis set representing the electronic wave function.  With the improved 
tetrahedron method[39], the Brillouin zone integration was carried out using ī-centered Monkhorst-Pack k-mesh 
[40] such that the total energies are converged within a few meV per formula unit of the substance with the atomic 
positions and lattice vectors fully relaxed.  The crystal structure details of the oxides considered in this work and the 
k-mesh used in the total energy calculations are listed in Table 1.   It is known that the DFT+U approach is useful to 
establish band gaps of strongly correlated insulators such as Cr2O3 and Fe2O3.   However, it cannot be directly used 
to compute the formation enthalpies as it requires total energies of constituent elements for which DFT+U can give 
an incorrect ground state [59].  Therefore, all our calculations are done with conventional DFT without the Hubbard 
U term.          
 
Table 1.  List of oxides with their crystal structure details.  Calculated lattice parameters are compared with 
measured values which are given in parentheses.  The last column lists the k-mesh used in the DFT total energy 
calculations. 
Oxide Crystal structure 
(Space group, Ref.) 
Lattice parameters k-mesh 
a b c Į or ߚ 
CrO2 
CrO3 
Cr2O3 
FeO 
Fe3O4 
Fe2O3 
Cr2FeO4 
Y2O3 
YCrO3 
YCrO4 
YFeO3 
YFe2O4 
Y3Fe5O12 
Al2O3 
YAlO3 
Y4Al2O9 
Y3Al5O12 
FeAl2O4 
TiO 
TiO2 
Ti2O3 
Ti3O5 
YTiO3 
Y2TiO5 
Y2Ti2O7 
Al2TiO5 
FeTiO3 
Fe2TiO4 
P42/mnm (136) [41] 
Ama2 (40) [41] 
R-3c (167) [41] 
Fm-3m (225) [41] 
Fd-3m (227) [41] 
R-3c (167) [41] 
I41/amd (141) [42] 
Ia-3 (206) [43] 
Pnma (62) [44] 
I41/a (88) [45] 
Pnma (62) [46] 
R-3m (166) [47] 
Ia-3d (230) [48] 
R-3c (167) [41] 
Pnma (62) [49] 
P21/c (14) [50] 
Ia-3d (230) [51] 
Fd-3m (227) [52] 
Fm-3m (225) [41] 
I41/amd (141) [41] 
R-3c (167) [41] 
C2/m (12) [41] 
Pnma (62) [53] 
Pnma (62) [54] 
Fd-3m (227) [55] 
Cmcm (63) [56] 
R-3 (148) [57] 
Fd-3m (227) [58] 
4.480(4.421) 
5.771(5.743) 
5.270(5.362) 
4.299(4.280) 
8.390(8.394) 
5.444(5.390) 
5.927(5.966) 
10.607(10.602) 
5.518(5.518) 
5.003(5.000) 
5.649(5.587) 
3.526(3.514) 
12.434(12.318) 
5.178(5.130) 
5.333(5.330) 
7.435(7.375) 
12.009(12.000) 
8.194(8.160) 
4.248(4.182) 
3.813(3.785) 
5.528(5.433) 
9.803(9.752) 
5.698(5.689) 
10.444(10.350) 
10.128(10.100) 
3.622(3.593) 
5.527(5.540) 
8.514(8.509) 
4.480(4.421) 
8.484(8.557) 
5.270(5.362) 
4.299(4.280) 
8.390(8.394) 
5.444(5.390) 
5.927(5.966) 
10.607(10.602) 
7.586(7.540) 
5.003(5.000) 
7.643(7.595) 
3.526(3.514) 
12.434(12.318) 
5.178(5.130) 
7.388(7.375) 
10.562(10.507) 
12.009(12.000) 
8.194(8.160) 
4.248(4.182) 
3.813(3.785) 
5.528(5.433) 
3.861(3.802) 
7.694(7.609) 
3.717(3.700) 
10.128(10.100) 
9.454(9.433) 
5.527(5.540) 
8.514(8.509) 
2.895(2.917) 
4.846(4.789) 
5.270(5.362) 
4.299(4.280) 
8.390(8.394) 
5.444(5.390) 
8.394(8.475) 
10.607(10.603) 
5.301(5.247) 
11.192(11.259) 
5.279(5.274) 
24.944(24.778) 
12.343(12.318) 
5.178(5.130) 
5.181(5.180) 
11.252(11.113) 
12.009(12.000) 
8.194(8.160) 
4.248(4.182) 
9.658(9.514) 
5.528(5.433) 
9.356(9.442) 
5.336(5.335) 
11.355(11.250) 
10.128(10.100) 
9.760(9.641) 
5.527(5.540) 
8.514(8.509) 
 
 
58.04(55.11) 
 
 
54.83(55.36) 
 
 
 
 
 
 
 
55.33(55.30) 
 
108.47(108.58) 
 
 
 
 
55.05(56.57) 
91.55(91.55) 
 
 
 
 
54.80(54.69) 
 
10x10x10 
8x6x8 
8x8x8 
16x16x16 
5x5x5 
15x15x15 
10x10x6 
7x7x7 
8x8x8 
7x7x3 
6x5x6 
7x7x3 
2x2x2 
8x8x8 
8x8x8 
6x6x6 
3x3x3 
5x5x5 
12x12x12 
12x12x6 
15x15x15 
3x5x3 
8x8x8 
7x11x7 
4x4x4  
6x3x3 
12x1212 
6x6x6  
 
Formation enthalpy is defined as the enthalpy difference between the compound and the constituent elements, all in 
their standard states.  For MmOn oxide, it is given by: 
 
οܪ௙ሺ௠௡ሻ ൌ ܧሺ௠௡ሻ െ ݉ܧሺሻ െ
݊
ʹ ܧሺଶሻ 
 
where E(MmOn) is the total energy of the compound MmOn, E(M) is the total energy of element M and E(O2)  is the 
total energy of O2 molecule.  Negative value of formation enthalpy indicates that the compound oxide is 
energetically more stable than the separated constituents [60-62].  Moreover, generalized gradient approximation is 
known to over-bind O2.  Therefore, for the calculation of formation enthalpies of the oxides, we have corrected the 
energy of reference O2 molecule with the constant -1.36 eV as suggested by Wang et al.[63].   
 
3. Results and Discussion 
 
3.1 Formation Enthalpies and Phase Stability 
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Computed formation enthalpies of likely oxides of ODS steels are given in Table 2, compared with values obtained 
using the Reaction Calculator(RC)[64,65] and measured values from the Kubaschewski monograph[66] and the 
NIST-JANAF thermochemical database[67].  For magnetic oxides, we have done spin-polarized calculations.  For 
CrO2 and CrO3, calculations were performed with antiferromagnetically initialized Cr moments.  For Cr2O3, spin-
unpolarized calculation was used.  The focus has been to obtain DFT lattice parameters in agreement with measured  
 
Table 2. List of oxides with their formation enthalpies.  οܪ஽ி்
௙
, οܪ஽ி்ିோ஼
௙
 and οܪா௫௣௧Ǥ
௙
 are respectively formation 
enthalpies obtained from our DFT calculation, DFT-based Reaction Calculator (RC) [65] and experiments.  
Experimental values are taken from Kubaschewski monograph and NIST-JANAF thermochemical database [66,67].  
Formation enthalpies are listed in eV/atom. 
Oxide οܪ஽ி்
௙ ሺܸ݁Ȁܽݐ݋݉ሻ οܪ஽ி்ିோ஼
௙ ሺܸ݁Ȁܽݐ݋݉ሻ οܪா௫௣௧Ǥ
௙ ሺܸ݁Ȁܽݐ݋݉ሻ 
CrO2 
CrO3 
Cr2O3 
FeO 
Fe3O4 
Fe2O3 
Cr2FeO4 
Y2O3 
YCrO3 
YCrO4 
YFeO3 
YFe2O4 
Y3Fe5O12 
Al2O3 
YAlO3 
Y4Al2O9 
Y3Al5O12 
FeAl2O4 
TiO 
TiO2 
Ti2O3 
Ti3O5 
YTiO3 
Y2TiO5 
Y2Ti2O7 
Al2TiO5 
FeTiO3 
Fe2TiO4 
-2.235 
-2.020 
-1.541 
-1.152 
-1.616 
-1.650 
-2.096 
-3.981 
-3.194 
-3.049 
-2.790 
-2.333 
-2.554 
-3.431 
-3.733 
-3.809 
-3.694 
-2.794 
-2.628 
-3.501 
-3.310 
-3.387 
-3.600 
-3.864 
-3.775 
-3.446 
-2.632 
-2.241 
-2.056 
-1.541 
-2.350 
-1.257 
-1.801 
-1.833 
-2.086 
-3.988 
-3.201 
-2.778 
-2.942 
-2.550 
-2.670 
-3.444 
-3.738 
-3.823 
-3.700 
-2.605 
-2.878 
-3.521 
-3.321 
-3.400 
-3.628 
-3.878 
-3.772 
-3.460 
-2.816 
-2.471 
 
-1.521 
-2.352 
-1.410 
-1.660 
-1.711 
-2.142 
-3.950 
 
 
 
 
 
-3.475 
 
 
 
-2.911 
-2.857 
-3.261 
-3.153 
-3.186 
 
 
 
-3.378 
-2.565 
-2.223 
 
values, rather than accurate magnetic ground-states.  For FeO, YFe2O4, Al2FeO4, FeTiO3 and Fe2TiO4, calculations 
were started with Fe moments in the ferromagnetic order.  For Cr2FeO4, Fe moments were initialized in the 
antiferromagnetic order to Cr moments.  For Fe3O4, initial magnetic moments were specified with reference to 
Zhang and Satpathy[68].  Fe2O3 magnetic moments were initialized with reference to Rollmann et al.[69].  For 
YCrO3 and YCrO4, the initial magnetic moments were specified according to Ramesha et al.[44] and Long et al[70] 
respectively.  For YFeO3, the magnetic moments were initiated with reference to Wu et al.[71].  For Y3Fe5O12, the 
magnetic moments were initiated according to Ching et al.[72].  
 
    For most of the oxides, we see from table 2 that our computed formation enthalpies are in good agreement 
with values obtained using RC and available measured values.  The discrepancy between our formation enthalpies 
and the values from RC for CrO3 and Cr2O3 can be due to neglect of correction to self-interaction error in our 
calculations.  Figure 1 show these formation enthalpies plotted as a function of oxygen fraction in the compounds.  
From figure 1 and table 2 it is evident that Y2O3, Y4Al2O9, Y2TiO5, Y2Ti2O7 and YAlO3 oxides have relatively more 
negative formation enthalpies.  These are indeed the oxides which are often observed in the microstructure of typical 
ODS steels[21].  This shows  that our DFT calculated formation enthalpies indeed give correct representation of 
relative stability of likely oxides in ODS steels.  Further, formation enthalpies are valuable data for the CALPHAD 
modeling of phase equilibrium[72].  For many of the ternary oxides, measured values are not available.  Our 
calculation thus reports a first estimate of formation enthalpy for such oxides.    
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Firgure 1. DFT computed formation enthalpie
fraction.  Oxides with relatively more negative f
Y2TiO5, Y4Al2O9, Y2Ti2O9 and YAlO3, are actu
ODS steels 
 
3.2 Formation mechanism of oxide phases 
 
    We examined the formation of oxides
compound relative to the energy from combina
oxide phases more completely[64].  Therefore, 
reactions in typical ODS steels.  We obtained 
computed formation enthalpies are found to be
Table 3.  From the pseudo-convex-hull[64,74] o
Fe-O, Cr-O, Fe-Cr-O, Y-Fe-O, Y-Cr-O, Al-Fe
enthalpies, fall away from the convex-hull and t
the true six-dimensional convex-hull for the Fe
formation enthalpies, we assume that the oxide
compared to those from the Y-Al-O and Y-Ti
elements (Fe, Cr, Al, Ti, Y, and O) and Fe- an
ground-state oxide phases of ODS steel.   
 
s of likely oxides of ODS steel plotted as a function
ormation enthalpies, found at the bottom of the figure, su
ally the set of phases often observed in the microstructur
 via reaction energies.  Reaction energy, which is the 
tion of other phases, is known to determine the relative 
we computed reaction energies of 122 likely oxidation o
the reaction enthalpies using Reaction Calculator (RC) 
 in good agreement with those from RC.  The results ar
f formation enthalpies, shown in figure  1, it is evident th
-O, and Fe-Ti-O  systems have relatively less negative
herefore can be considered less stable.  It is complicated 
-Cr-Al-Ti-Y-O system and locate the ground-states.  B
s of the above binaries and ternaries would be relatively
-O system.  This further indicates that the reactions in
d Cr-containing oxides do not influence the reactions th
 
 of oxygen 
ch as Y2O3, 
e of typical 
energy of a 
stability of 
r reduction 
[65], as our 
e shown in 
at oxides of 
 formation 
to visualize 
ased on the 
 less stable 
volving the 
at form the 
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    Therefore, to determine the phase stability, we consider only reactions in the Y-Al-Ti-O system.  Reactions 
which form ternary oxides from elements can be omitted as binary or ternary compounds generally intervenes them 
on the convex-hull.   In typical ODS steels with a significant concentration of Al, Ti is not seen to have an 
appreciable effect on the formation of oxides of the Y-Al-O system [21].  Therefore, we first consider reactions in 
the Y-Al-O 
 
Table 3. Reaction energies of likely oxides of typical ODS steel.  The reaction energy is defined as οܪ௥ ൌ
σܧ௣௥௢ௗ௨௖௧௦ െ σܧ௥௘௔௖௧௔௡௧௦.  Reaction energies are calculated using the DFT-based Reaction Calculator [65].  When 
the reactants are reference elements, it is called formation enthalpy.  Experimental values listed here are from the 
comparison provided by Reaction Calculator. 
S. No. Reaction οܪ஽ி்௥ ሺܸ݁Ȁܽݐ݋݉ሻ οܪா௫௣௧Ǥ௥ ሺܸ݁Ȁܽݐ݋݉ሻ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
2Fe+O2 ĺ2FeO 
3Fe+2O2ĺFe3O4 
4Fe+3O2ĺ2Fe2O3 
4FeO+O2ĺ2Fe2O3 
4Fe3O4+O2ĺ6Fe2O3 
FeO+Fe2O3ĺFe3O4 
2Cr+O2ĺ2CrO 
4Cr+3O2ĺ2Cr2O3 
4CrO+O2ĺ2Cr2O3 
Cr+O2ĺCrO2 
2CrO+O2ĺ2CrO2 
2Cr+3O2ĺ2CrO3 
CrO+O2ĺ CrO3 
2CrO2+O2ĺ2CrO3 
2Cr2O3+3O2ĺ4CrO3 
2Cr+Fe+2O2ĺCr2FeO4 
Cr2O3+FeOĺCr2FeO4 
2Fe2O3+8Cr+5O2ĺ4Cr2FeO4 
Fe3O4+6Cr+4O2ĺ3Cr2FeO4 
2FeO+4Cr+3O2ĺ2Cr2FeO4 
2Fe+2Cr2O3+O2ĺ2Cr2FeO4 
Y+O2ĺYO2 
4Y+3O2ĺ2Y2O3 
2Y2O3+O2ĺ4YO2 
2Y+2Cr+3O2ĺ2YCrO3 
Cr2O3+Y2O3ĺ2YCrO3 
2Y2O3+4Cr+3O2ĺ4YCrO3 
2YO2+2Cr+O2ĺ2YCrO3 
Y+Cr+2O2ĺYCrO4 
YO2+Cr+O2ĺYCrO4 
2Y2O3+4Cr+5O2ĺ4YCrO4 
2YCrO3+O2ĺ2YCrO4 
2Y+2Fe+3O2ĺ2YFeO3 
Y2O3+Fe2O3ĺ2YFeO3 
4Y+2Fe2O3+3O2ĺ4YFeO3 
4Fe+2Y2O3+3O2ĺ4YFeO3 
6Y2O3+4Fe3O4+O2ĺ12YFeO3 
3Y+5Fe+6O2ĺY3Fe5O12 
18YFeO3+4Fe3O4+O2ĺ6Y3Fe5O12 
6Y2O3+20Fe+15O2ĺ4Y3Fe5O12 
3YFeO3+Fe2O3ĺY3Fe5O12 
5Fe2O3+3Y2O3ĺ2Y3Fe5O12 
Y2O3+Y3Fe5O12ĺ5YFeO3 
6YFeO3+4Fe+3O2ĺ2Y3Fe5O12 
Y+2Fe+2O2ĺYFe2O4 
8Fe+2Y2O3+5O2ĺ4YFe2O4 
YO2+2FeOĺYFe2O4 
2Y+2Fe2O3+O2ĺ2YFe2O4 
4Al+3O2ĺ2Al2O3 
2Y+2Al+3O2ĺ2YAlO3 
2Y2O3+4Al+3O2ĺ4YAlO3 
2YO2+2Al+O2ĺ2YAlO3 
2Y4Al2O9+4Al+3O2ĺ8YAlO3 
8Y+4Al+9O2ĺ2Y4Al2O9 
4Y2O3+4Al+3O2ĺ2Y4Al2O9 
-1.257 
-1.801 
- 1.833 
-0.828 
-0.153 
-0.132  
-1.624  
-2.350 
-1.052  
-2.056 
-0.974  
-1.541 
-0.728 
+0.001 
-0.072 
-2.086 
-0.048 
-1.432 
-1.486 
-1.727 
-0.407 
-3.146 
-3.988 
+0.178  
-3.201 
-0.032 
-1.207 
-1.314 
-2.778 
-1.205 
-1.116  
-0.110 
-2.942 
-0.031 
-2.025  
-0.948 
-0.108  
-2.670 
-0.044 
-1.174 
-0.005 
-0.028 
-0.008 
-0.464 
-2.550 
-1.126 
-0.484 
-1.241 
-3.444 
-3.738 
-1.745 
-1.851 
-0.871 
-3.823 
-1.164 
 
-1.660 
-1.711 
 
-0.162 
 
 
-2.352 
 
 
 
-1.521 
 
 
-0.051 
 
 
 
 
 
 
 
-3.950 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-3.475 
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S. No. Reaction οܪ஽ி்௥ ሺܸ݁Ȁܽݐ݋݉ሻ οܪா௫௣௧Ǥ௥ ሺܸ݁Ȁܽݐ݋݉ሻ 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
8YO2+4Al+O2ĺ2Y4Al2O9 
3Y+5Al+6O2ĺY3Al5O12 
Y2O3+Al2O3ĺ2YAlO3 
Y4Al2O9+Al2O3ĺ4YAlO3 
2Y2O3+Al2O3ĺY4Al2O9 
3Y2O3+5Al2O3ĺ2Y3Al5O12 
Al2O3+3YAlO3ĺY3Al5O12 
Y2O3+Y3Al5O12ĺ5YAlO3 
7Al2O3+3Y4Al2O9ĺ4Y3Al5O12 
7Y2O3+2Y3Al5O12ĺ5Y4Al2O9 
2YAlO3+Y2O3ĺY4Al2O9 
2Ti+O2ĺ2TiO 
4Ti+3O2ĺ2Ti2O3 
4TiO+O2ĺ2Ti2O3 
6Ti+5O2ĺ2Ti3O5 
3TiO+O2ĺTi3O5 
Ti+O2ĺTiO2 
2Ti2O3+O2ĺ4TiO2 
6Ti2O3+O2ĺ4Ti3O5 
Ti2O3+TiO2ĺTi3O5 
2Ti3O5+O2ĺ6TiO2 
2Y+2Ti+3O2ĺ2YTiO3 
2Y2O3+4Ti+3O2ĺ4YTiO3 
4Y+2Ti+5O2ĺ2Y2TiO5 
2Y+TiO+2O2ĺY2TiO5 
4Y+2TiO2+3O2ĺ2Y2TiO5 
8Y+2Ti2O3+7O2ĺ4Y2TiO5 
Y+YTiO3+O2ĺY2TiO5 
2Y2O3+4YTiO3+O2ĺ4Y2TiO5 
4Y+4Ti+7O2ĺ2Y2Ti2O7 
Y2O3+2Ti+2O2ĺY2Ti2O7 
Y2O3+Ti2O3ĺ2YTiO3 
YTiO3+YO2ĺY2TiO5 
Y2O3+TiO2ĺY2TiO5 
Y2O3+2TiO2ĺY2Ti2O7 
Y2Ti2O7+Y2O3ĺ2Y2TiO5 
TiO2+Y2TiO5ĺY2Ti2O7 
2YO2+Ti2O3ĺY2Ti2O7 
4YO2+4Ti+3O2ĺ2Y2Ti2O7 
4YTiO3+O2ĺ2Y2Ti2O7 
4Al+2Ti+5O2ĺ2Al2TiO5 
Al2O3+TiO2ĺAl2TiO5 
Al2O3+Ti+O2ĺAl2TiO5 
2Al+Fe+2O2ĺAl2FeO4 
Al2O3+FeOĺAl2FeO4 
4Al+2FeO+3O2ĺ2Al2FeO4 
8Al+2Fe2O3+5O2ĺ4Al2FeO4 
6Al+Fe3O4+4O2ĺ3Al2FeO4 
2Al2O3+2Fe+O2ĺ2Al2FeO4 
2AlFeO3+2Al+O2ĺ2Al2FeO4 
Fe3O4+Fe+4Al2O3ĺ4Al2FeO4 
Fe2O3+Fe+3Al2O3ĺ3Al2FeO4 
3Fe2O3+2Al+5Al2O3ĺ6Al2FeO4 
2Fe+2Ti+3O2ĺ2FeTiO3 
FeO+Ti+O2ĺFeTiO3 
FeO+TiO2ĺFeTiO3 
2FeO+2TiO+O2ĺ2FeTiO3 
Fe2O3+Ti2O3ĺ2FeTiO3 
2Fe3O4+6Ti+5O2ĺ6FeTiO3 
2Fe2O3+4Ti+3O2ĺ4FeTiO3 
2Fe+Ti+2O2ĺFe2TiO4 
2FeO+TiO2ĺFe2TiO4 
8Fe+2Ti2O3+5O2ĺ4Fe2TiO4 
2Fe2O3+2Ti+O2ĺ2Fe2TiO4 
3TiO2+2Fe+2Fe2O3ĺ3Fe2TiO4 
4Ti2O3+Ti+6Fe3O4ĺ9Fe2TiO4 
4Ti2O3+Fe+5Fe3O4ĺ8Fe2TiO4 
-1.306 
-3.700 
-0.022 
-0.010  
-0.016          
-0.051          
-0.034          
+0.018          
-0.042         
+0.011                   
-0.001         
-2.878 
-3.321 
-1.018 
-3.400 
-1.241 
-3.521 
-0.754 
-0.287 
-0.005 
-0.498 
-3.628         
-1.634         
-3.878         
-3.158         
-2.558         
-2.840         
-1.610         
-0.364         
-3.772         
-1.960        
+0.026                   
-0.431         
-0.065         
-0.038         
-0.040         
+0.010                   
-0.546         
-2.056         
-0.473         
-3.460         
+0.013                   
-1.307         
-2.964         
-0.145         
-2.605         
-2.310         
-2.364         
-0.504         
-1.081         
-0.054           
-0.068         
-0.259         
-2.816         
-2.313         
-0.200         
-1.161           
-0.238         
-1.975         
-1.900         
-2.471         
-0.244         
-1.285         
-1.161         
-0.089         
-0.217         
-0.160         
 
 
 
 
 
 
 
 
 
 
 
-2.857 
-3.153 
-0.903 
-3.186 
-1.076 
-3.261 
-0.634 
-0.230 
+0.008 
-0.430 
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system.  Figure 2 shows the projection of the convex-hull[64] of formation enthalpies of the Y-Al-O system in 
which the ground-states are indicated by circles.  It shows that Y2O3, Al2O3 and Y3Al5O12 are the ground-states, 
besides the elemental phases.  YAlO3 and Y4Al2O9, shown by open circles, are placed slightly away from the 
convex-hull.  We see from Table 3 that the relevant reactions for the formation of Y-Al-O ternary phases are 58-66.  
Energies of these reactions show a preference for the formation of Y3Al5O12.  This indicates that, initially the O 
atoms in the steel matrix combine with solute Y and Al atoms (facilitated by redox interaction) leading to nucleation 
of Y-O and Al-O complexes[32], each perhaps in a 2:3 ratio. 
 
 However, the chemical driving force (reaction 61) makes Y3Al5O12 to nucleate at the expense of Y2O3 and 
Al2O3.  Moreover, all of above nine reaction energies are of the same order of magnitude.  This shows that YAlO3, 
Y4Al2O9 and Y3Al5O12 can be formed simultaneously by slight changes in the production process.  For the Y-Ti-O 
system, it is evident from figure 1 that the ground-states are Y2O3, TiO2, Y2TiO5 and Y2Ti2O7, all of them placed on 
the pseudo-convex-hull.  Table 3 shows that the relevant reactions for Y-Ti-O oxides are therefore 89-92.  These 
reactions show that, in the absence of Al, Y2TiO5 and Y2Ti2O7 are favored with reference to Y2O3 and TiO2, and 
hence their presence in the microstructure of ODS steels.   
 
 
 
Figure 2. Projection of the convex-hull of 0-K formation enthalpies of Y-Al-O system.  Stable phases are indicated 
by solid circles.  Metastable or unstable phases are indicated by open circles. 
 
    For the formation of oxide nanoparticles in MA/ODS steels, experimental studies[4,5,11,16] have earlier 
proposed a mechanism, in which Y2O3 particles are fragmented during the initial stage of milling,  subsequent 
milling causes dissolution of Y2O3 fragments and reprecipitation of nanometric clusters and oxide particles occurs 
during the consolidation.  Later, Hsiung et al.[21] have shown that this mechanism is incomplete and it actually 
includes (i) fragmentation of starting Y2O3 particles forming finely dispersed nanometric fragments during early 
stages of ball milling, (ii) agglomeration of fragments mixed with matrix constituents to form amorphous 
agglomerates and clusters during later stages of milling and (iii) crystallization of the amorphous agglomerates 
larger than a critical size (20Å) to form oxide nanoparticles during consolidation at 1150oC.  Either way, it is 
plausible to consider that ball milling of metallic and Y2O3 powder blend mechanically dissolves Cr, Al, Ti and 
Y2O3 in the iron matrix and produces a highly supersaturated solid solution[30].  The supersaturated ferrite matrix 
lowers its energy through reprecipitation of the decomposed solutes during the hot consolidation in the form of 
nanometric clusters and complex stoichiometric oxides such as Y2Ti2O7, Y2TiO5, and Y4Al2O9.  The prevailing 
chemical driving force determines the kind of oxide phase being formed.  Our calculated formation and reaction 
enthalpies show that the chemical driving forces favor the formation of Y2O3, Y4Al2O9, YAlO3, Y3Al5O12,  Y2Ti2O7 
and Y2TiO5, corroborating the experimental observation.   
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 It is pertinent to note here that the extraordinary mechanical properties of ODS steels are considered to 
come from the highly stable oxygen-enriched nanoclusters with a size smaller than 50 Å [19,26,31] (Crystalline 
oxide nanparticles of size 20Å have been observed, Fig.17 in Hsiung et al.[21]).  Fu et al.[31] have shown that these 
nanoclusters derive their stability from the strong binding of oxygen to vacancies.  Positron-lifetime spectroscopy 
and transmission electron microscopy studies of consolidated MA/ODS steels [19,26] have also shown that 
vacancies are key component of these nanoclusters.  Our current work, based on computed zero-Kelvin formation 
and reaction enthalpies of crystalline oxides, gives a thermochemical mechanism for understanding why certain 
oxides are found in the microstructure of ODS steels more often than the large number of other possible oxides.   
Previous first principles calculations[31,32] have further shown that the formation energy of Y-Ti-O nanoclusters 
can become lower than that of stable oxide phases.    This indicates that a complete thermochemical description of 
phase stability of MA/ODS steels can be obtained using first-principles calculations with likely models for the 
nanoclusters.  
 
 
4. Summary and Conclusion 
 
 We have examined the relative stability of a large number of likely oxide phases of typical ODS steels 
based on the Fe-Cr-Al-Ti-Y-O system using DFT calculated formation and reaction enthalpies.   Our calculated 
formation and reaction enthalpies are found to be in good agreement with available experimental values.  The oxides 
found in the microstructure of typical ODS steels, such as, Y2O3, Y2TiO5, Y4Al2O9, Y2Ti2O7 and YAlO3 are found 
have relatively more negative formation enthalpies and hence highly stable.  Analysis of reaction enthalpies, guided 
by convex-hull consideration, shows that formation of these oxides is favored over other likely oxides, corroborating 
with their observation in the microstructure of ODS steels. 
 
Acknowledgments 
 
 The author thanks Dr. B. K. Panigrahi, Dr. S. Mathijaya, and Dr. G. Amarendra for the useful comments 
and suggestions on the manuscript.  
 
References 
 
[1]S. Ukai, in Comprehensive Nuclear Materials, Eds., R. Konings, T. Allen, R. Stoller and S. Yamanaka, Vol.4, 
241, Elsevier Ltd. (2012). 
[2]S. Ukai, T. Okuda, M. Fujiwara, T. Kobayashi, S. Mizuta, and H. Nakashima, J. Nuc. Sci. Tech., 39, 872 (2002). 
[3]S. Ukai, and M. Fujiwara, J. Nucl. Mater. 307-311, 749 (2002). 
[4]T. Okuda, M. Fujiwara, J. Mater. Sci. Lett. 14, 1600 (1995). 
[5]Y. Kimura, S. Takaki, S. Suejima, R. Uemori, H. Tamehiro, ISIJ Int., 39, 176 (1999). 
[6]M. S. El-Genk and J. M. Tournier, J. Nucl. Mater. 340, 93 (2005). 
[7]M. K. Miller, K.F. Russell, D.T. Hoelzer, J. Nucl. Mater. 351, 261 (2006).  
[8]K. Oka, S. Ohnuki, S. Yamashita, N. Akasaka, S. Ohtsuka and H. Tanigawa, Mater. Trans. 48, 2563 (2007). 
[9]P. Miao, G.R. Odette, T. Yamamoto, M. Alinger, D. Hoelzer, D. Gragg, J. Nucl. Mater. 367-370, 208 (2007). 
[10]R. Kasada, N. Toda, K. Yutani, H.S. Cho, H. Kishimoto, A. Kimura, J. Nucl. Mater. 367-370, 222 (2007). 
[11]H. Sakasegawa, M. Tamura, S. Ohtsuka, S. Ukai, H. Tanigawa, A. Kohyamae, M. Fujiwara, J. Alloys Compd. 
452, 2 (2008). 
[12] E. A. Marquis, Appl. Phys. Lett. 93, 181904 (2008). 
[13]V. de Castro, T. Leguey, A. Munoz, M. A. Monge, R. Pareja, E. A. Marquis, S. Lozano, M. L. Jenkins, J. Nucl. 
Mater. 386-388, 449 (2009). 
[14]H.Kishimoto, R.Kasada, O.Hashitomi, A. Kimura, J. Nucl. Mater. 386-388, 533 (2009). 
[15]Z. Oksiuta and N. Baluc, Nucl. Fusion 49, 055003 (2009). 
[16]M.J. Alinger, G.R. Odette, D.T. Hoelzer, Acta Mater. 57, 392 (2009). 
[17]M. Ratti, D. Leuvrey, M.H. Mathon, Y. de Carlan, J. Nucl. Mater. 386-388, 540 (2009). 
[18]M. Ohnuma, J. Suzuki, S. Ohtsuka, S.-W. Kim, T. Kaito, M. Inoue, H. Kitazawa, Acta Mater. 57, 5571 (2009). 
[19]J. Xu, C. T. Liu, M. K. Miller, and H. Chen, Phys. Rev. B 79, 020204 (2009). 
[20]L. L. Hsiung, M. J. Fluss, A. Kimura, Mater. Lett. 64, 1782 (2010). 
797 Ravi Chinnappan /  Procedia Engineering  86 ( 2014 )  788 – 798 
[21]L. L. Hsiung, M. J. Fluss, S. J. Tumey, B. W.Choi, Y. Serruys, F. Willaime, A. Kimura, Phys. Rev. B 82, 
184103 (2010). 
[22]V. T. Nguyen, D. P. Doan, T. B. Tran, V. D. Luong, V. A. Nguyen. A. T. Phan, Adv. Nat. Sci.: Nanosci. 
Nanotechnol. 1, 035009 (2010). 
[23]Y. Jiang, J. R. Smith, G. R. Odette, Acta Mater. 58, 1536 (2010). 
[24]J. R. Rieken, I. E. Anderson, FAPMI, and M. J. Kramer, Int. J. Powder Metall. 46, 17 (2010). 
[25] V. de Castro, E.A. Marquis, S. Lozano-Perez, R. Pareja, M.L. Jenkins, Acta Mater. 59, 3927 (2011). 
[26]A. Hirata, T. Fujita, Y. R. Wen, J. H. Schneibel, C. T. Liu and M.W. Chen, Nat. Mater. 10, 922(2011). 
[27]X. Mao, T. K. Kim, S. S. Kim, K. H. Oh, J. Jang, J. Nucl. Mater. 428, 82 (2012). 
[28]J. H. Lee, Front. Energy, 6, 29 (2012).  
[29]X. L. Wang, C. T. Liu, U. Keiderling, A. D. Stoica, L. Yang, M. K. Miller, C. L. Fu, D. Ma, K. An, J. Alloys  
Compd., 529, 96 (2012). 
[30]S. K. Karak, J. D. Majumdar, W. Lojkowski, A. Michalski, L. Ciupinski, K. J. Kurzydlowski, and I. Manna, 
Philos. Mag. 92, 516 (2012). 
[31]C. L. Fu, M. Kremar, G. S. Painter, X-Q. Chen, Phys. Rev. Lett. 99, 225502 (2007). 
[32]Y. Jiang, J. R. Smith and G. R. Odette, Phys. Rev. B 79, 064103 (2009). 
[33]C. M. Fang, M. H. Sluiter, M. A. van Huis, C. K. Ande, and H. W. Zandbergen, Phys. Rev. Lett. 105, 055503 
(2010). 
[34]G. Kresse, J. Hafner, Phys. Rev. B 47, 558 (1993) 
[35]G. Kresses, J. Furthmuller, Phys. Rev. B 54, 11169 (1996). 
[36]P. E. Blochl, Phys. Rev. B 50, 17953 (1994). 
[37]G. Kresse, J. Joubert, Phys. Rev. B 59, 1758 (1999). 
[38]J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 
[39]P. E. Blochl, O. Jepsen, O. K. Andersen, Phys. Rev. B 49, 16223 (1994). 
[40]H. J. Monkhorst, J. D. Pack, Phys. Rev. B 13, 5188 (1976). 
[41]W.B. Pearson, A Handbook of Lattice Spacing and Structures of Metals and Alloys, Vol. 2, Pergamon Press, 
Oxford, 1967. 
[42]MatNavi, NIMS Materials Database, http://mits.nims.go.jp/index_en.html 
[43]A. Gajovic, N. Tomasic, I. Djerdj, D. S. Su, K. Furic, J. Alloys Compd.456, 313 (2008). 
[44]K. Ramesha, A. Llobet, Th. Proffen, C. R. Serrao and C. N. R. Rao, J. Phys.: Condens. Matter 19,102202 
(2007). 
[45]D. Errandonea, R. Kumar, J. Lopez-Solano, P. Rodriguez-Hernandes, A. Munoz, M. G. Rabie, R. S.Puche, 
Phys. Rev. B 83, 134109 (2011). 
[46]D. du Boulay, E. N. Maslen, V. A. Streltsov, Acta Crystallogr., B51, 921 (1995). 
[47]T. Matsumoto, N. Mori, J. Iida, M. Tanaka, K. Siratori, F. Izumi, H. Asano, Physica B, 180-181, 603 (1992). 
[48]Z. Abbas, R. M. Al-habashi, K. Khalid and M. Maarof, Eur. J. Sci. Res., 36, 154 (2009). 
[49]R. Diehl, G. Brandt, Mat. Res. Bull. 10, 85 (1975). 
[50]A. N. Christensen, R. G. Hazell, Acta Chem. Scand. 45, 226 (1991). 
[51]Y. N. Xu, W. Y. Ching, Phys. Rev. B 59, 10530 (1999). 
[52]A. Walsh, S. H. Wei, Y. Yan, M. M. A. Jassim, J. A. Turner, Phys. Rev. B 76, 165119 (2007). 
[53]J. R. Hester, K. Tomimoto, H. Noma, F. P. Okamura, J. Akimitsu, Acta Crystallogr. B53, 739 (1997). 
[54]W. G. Mumme, A. D. Wadsley, Acta Crystallogr. B24, 1327 (1968). 
[55]F. Matteucci, G. Cruciani, M. Dondi, G. Baldi, A. Barzanti, Acta Mater. 55, 2229 (2007). 
[56]R.D. Skala, D. Li, I.M. Low, J. Eur. Ceram. Soc. 29, 67 (2009). 
[57]X. Wu, S. Qin, L. Dubrovinsky, J. Solid State Chem. 183, 2483 (2010). 
[58]B. Morosin, R. J. Baughman, D. S. Ginley, and M. A. Butler, J. Appl. Crystallogr. 11, 121 (1978). 
[59]V. L. Chevrier, S. P. Ong, R. Armiento, M. K. Y. Chan, G. Ceder, Phys. Rev. B 82, 075122 (2010). 
[60]G. Grimvall, Thermophysical Properties of Materials, Elsevier Science, The Netherlands, 1999. 
[61]P. A. Cox, Transition Metal Oxides An Introduction to their Electronic Structure and Properties, Clarendon 
press, Oxford, 1992. 
[62]P. W. Atkins, Physical Chemistry, Oxford University Press, Oxford, 1990.  
[63]L. Wang, T. Maxisch, G. Ceder, Phys. Rev. B 73, 195107 (2006). 
[64]G. Hautier, S. P. Ong, A. Jain, C. J. Moore, G. Ceder, Phys. Rev. B 85, 155208 (2012).  
[65]The Materials Project - Reaction Calculator: https://www.materialsproject.org/apps/reaction_calculator/ 
798   Ravi Chinnappan /  Procedia Engineering  86 ( 2014 )  788 – 798 
[66]O. Kubaschewski, C. B. Alcock, and P. J. Spencer, Materials Thermochemistry, 6th ed. (Pergamon, New York, 
1993) 
[67]NIST-JANAF Thermochemical tables: http://kinetics.nist.gov/janaf/ 
[68]Z. Zhang and S. Satpathy, Phys. Rev. B 44, 13319 (1991). 
[69]G. Rollmann, A. Rohrbach, P. Entel, and J. Hafner, Phys. Rev. B 69, 165107 (2004). 
[70]Y. W. Long, L. X. Yang, Y. Yu, F. Y. Li, R. C. Yu and C. Q. Jin, Phys. Rev. B 75, 104402 (2007). 
[71]A. Wu, H. Shen, J. Xu, Z. Wang, L. Jiang, L. Luo, S. Yuan, S. Cao and H. Zhang, Bull. Mater. Sci. 35, 259 
(2012). 
[72]W. Y. Ching, Z. Gu, and Y. Xu, J. Appl. Phys. 89, 6883 (2001). 
[73]W. Xing, X-Q. Chen, D. Li, Y. Li, C.L. Fu, S.V. Meschel, X. Ding, Intermetallics 28, 16 (2012). 
[74]The convex-hull of reaction enthalpies effectively evaluates the stability of a given compound against any linear 
combination of compounds that have the same average composition, and is the common procedure to determine the 
stability of a compound versus decomposition to other products (Ref.[64] and Model. Simul. Mater. Sci. Eng.10, 
685 (2002)). 
 
 
